Spectroscopic properties of Er 3 + ions in different chlorophosphate glasses 50P 2 O 5 -30Na 2 HPO 4 -19.8RCl (R = Li, Na, K, Ca and Pb) are studied. The direct and indirect optical band gaps (E opt ) and the various spectroscopic parameters (E 1 , E 2 , E 3 , and x 4f and h) are reported. The oscillator strengths of the transitions in the absorption spectrum are parameterized in terms of three Judd-Ofelt intensity parameters (d 2 , d 4 and d 6 ). These intensity parameters are used to predict the transition probabilities (A), radiative lifetimes (~R), branching ratios (i) and integrated cross sections ( ) for stimulated emission. Attention has been paid to the trend of the intensity parameters over hypersensitive transitions and optical band gaps. The lifetimes and branching ratios of certain transitions are compared with other glass matrices.
Introduction
Solid state lasers have been employed in a wide variety of industrial and other applications. Glasses are attractive material for these applications, as they can be cast in large and optically homogeneous pieces. The spectroscopic properties and possible laser action in phosphate glasses have been a subject of many studies [1 -4] . Erbium doped glasses are especially attractive for numerous applications such as eye-safe laser media [5] and as fiber amplifiers in long range telecommunications [6] [7] [8] . The first Er 3 + doped glass laser utilizing the 4 I l3/2 4 I 15/2 transition at 1.5 mm was demonstrated by Snitzer and Wood Cock in a silicate glass [9] . The demonstration of the laser at this wavelength attracted attention since it is located in the 'eye safe' spectral region and could be detected easily [10] [11] [12] . Optical transitions and frequency up conversion emission of Er 3 + ions in Ga 2 S 3 -GeS 2 -La 2 S 3 glasses were studied by Higuchi et al. [13] . Broad band excitation mechanism for photoluminescence in Er 3 + -doped Ge 25 Ga 1.7 As 8.3 S 65 glasses has been very well explained by Turnbull et al. [14] . Shojiya et al. [15] have given optical transitions of Er 3 + ions in ZnCl 2 based glass.
Binnemans and his co-researchers have given the spectroscopic properties of Er 3 + ions in fluorophosphate glasses [16, 17] . Tanabe et al. [18] studied Er 3 + doped bismuth based boro-silicate glasses for their potential wavelength-divisionmultiplexing (WDM) amplifier. Recently Xian Feng et al. [19, 20] reported the spectroscopic properties of Er 3 + doped ultra-phosphate and germanotellurite glasses. Previously spectral investigations of Er 3 + ions in sulphate [21] and chloroborate glasses [22] have been reported from our laboratories. Since the phosphate glasses have been the subject of several spectroscopic investigations, the authors took up the present investigation of the optical properties of Er 3 + in different chlorophosphate glasses.
In this paper, the authors report the optical band gaps (E opt ) for indirect and direct transitions of different Er 3 + doped chlorophosphate glasses. Spectral intensities ( f ) and intensity parameters (d u ) for all the glasses studied have been reported. Radiative lifetimes (~R), branching ratios (i) and integrated cross sections ( ) for stimulated emission for certain excited states 4 G 11/2 , 4 F 5/2 , 4 F 7/2 , 4 S 3/2 , 4 F 9/2 , 4 I 9/2 , 4 I 11/2 , and 4 I 13/2 of Er 3 + have been estimated and are presented in this paper. These spectral studies have been compared with other glass matrices and some of the potential lasing transitions have been identified.
Experimental
Different chlorophosphate glasses were prepared using a quenching technique from analar grades of P 2 O 5 , Na 2 HPO 4 , ErCl 3 , LiCl, NaCl, KCl, CaCl 2 and PbCl 2 . The general composition of the glasses was 50P 2 O 5 -30Na 2 HPO 4 -19.8RCl (R= Li, Na, K, Ca and Pb) and 0.2 ErCl 3 . The incorporation of the alkali contents reduced crystallization phenomena and increased stability of the glass. All these chemicals were obtained from different standard companies with 99.9% purity. The anhydrous chlorides were dried by heating at appropriate temperatures under vacuum. A small amount of ammonium chloride were added to these dehydrated chlorides in order to drive off impurities. About 5-10 g of batch composition was mixed in a specially made clay crucible and heated in an electric furnace for about 2 h at a temperature of 400°C; this allowed the phosphorous pentoxide to decompose and react with other batch constituents before melting. The glass melting temperature was 1100-1150°C and the melt was quenched in between two well polished brass disks. In order to obtain bubble free glass and to ensure homogeneity, the liquids were shaken at 15 min. interval during melting. Glass liquid was bubbled with oxygen to remove hydroxyl impurities. The prepared glass samples are transparent for the calculation of the various parameters, the actual composition was taken into account. The actual composition was calculated from the exact masses of the components in glass batch. There appears to negligible weight loss during melting (0.005 g in a 5 g batch) as seen by weighing the initial reaction mixture and the final product after melting and cooling. The symbols used in the tables and graphs in this article for the above glasses are LiCPG for lithium chlorophosphate glass, NaCPG for sodium chlorophosphate glass, KCPG for potassium chlorophosphate glass, CaCPG for calcium chlorophosphate glass and PbCPG for lead chlorophosphate glass.
Theory
Using Davis and Mott [26] theory, the optical data are analyzed for higher values of h() above the exponential region by plotting (h') 1/2 as a function of photon energy ' for indirect transitions and by plotting (h') 2 as a function of ' for direct transitions. The optical band gaps 'E opt ' values are obtained by extrapolation to (h') 1/2 = 0 and (h') 2 = 0 for indirect and direct transitions, respectively. The values of 'E g ' which are interpreted as the width of the tail of localized states in the forbidden band gap are estimated from the plots of ln h versus '.
The energy E J of the Jth level may be written in terms of the changes in the parameters by a Tayler's series expansion [27, 28] as:
where E 0J is the zero order energy of the J th level and dE J /dE k , dE J /dx and dE J /dh are partial derivatives. The partial derivatives have been evaluated using aquo ion parameters using the method of Wong [27, 28] . Using experimental energies as E J and the numerical values of zero order energies and partial derivatives, a number of linear equations equal to the number of observed levels are formed and the delta values are calculated by using the least-squares fit method. The E k , x 4f and h parameters are evaluated from: and 1 -1.5 mm in thickness and circular in shape with 1 cm diameter. Density of the glass samples was determined by Archemede's principle using xylene as the immersion liquid with an accuracy of 9 0.005 g/cm 3 . The glass refractive indices were measured using Abbe refractometer with an accuracy of 90.001. The absorption spectra were recorded in UV -VIS -NIR region using HI-TACHI U-3400 double beam spectrophotometer. Using these parameters, certain physical properties have been calculated by taking standard mathematical expressions [23] [24] [25] .
The glass compositions are the formal glass composition 50P 2 O 5 -30Na 2 HPO 4 -19.8 RCl (R =Li, Na, K, Ca and Pb) -0.2ErCl 3 , although
where E 0k , x 0 , h 0 are the aqua ion parameters with which the partial derivatives were evaluated. Using these D and E 0J values and partial derivatives the energy values E J have been calculated. To measure the quality of the fit between experimental and calculated values, the rms deviation has been calculated using the formula:
where D 2 is the sum of the squares of the deviation, M is the number of levels used for fitting and N is the number of parameters.
The intensities of the absorption bands are determined using the area method and using the formula:
where (w) is the molar extinction coefficient corresponding to the energy of the transition w. According to Judd-Ofelt theory [30, 29] :
the three parameters T 2 , T 4 and T 6 are evaluated using the experimental data employing leastsquares fit. The squared reduced matrix elements U u 2 in the above equation are calculated in the intermediate coupling case. As these values are insensitive to the environment, we have used the values given by Carnall et al. [31] . With these T 2 , T 4 and T 6 parameters and squared reduced matrix elements, 'f cal ' values are evaluated.
The Judd -Ofelt intensity parameters (d u ) are calculated from the formula:
where n is the refractive index of the glass. The electric dipole line strengths are calculated employing the formula:
The radiative transition probability is given by:
S ed (10) and is related to the radiative lifetime~R, of an excited state by the expression:
where A T (J) is the total radiative transition probability. The radiative branching ratio is defined as:
The integrated absorption cross section ( ) is evaluated from: Table 1 gives some of the physical properties of the Er 3 + doped chlorophosphate glasses which are calculated from the densities, refractive indices and average molecular weights of the glasses. The ion packing ratio (V P ) which is the property of the glass host is calculated using the formula [32] :
Results and discussion

Physical properties
where r p is the ionic radius, n i is the molar fraction, N A is the Avagadro number and V m is the molar volume. It is observed that the ion packing ratio decreases with the decrease of ionic radius in the order Ca\ K\Li \ Pb \ Na as reported in literature [32] . Among all the glasses studied, sodium glass has the lowest ion packing ratio. It is also noticed that sodium chlorophosphate glass has the lowest molar refractivity, mean atomic volume, electronic polarizability, ionic radius, inter ionic distance and highest field strength.
Optical band gaps
Fig . 1 shows the absorption edges of different Er 3 + doped chlorophosphate glasses. From the spectra, it can be seen that the position of the fundamental absorption edge shifts to longer wavelengths with an increase of average molecular weight of the glass. But for sodium chlorophosphate glass it was not followed. It may be due to Fig. 4 represents the plots of ln h and '. The 'E g ' values obtained from the plots are also presented in Table 2 . There is no systematic variation in these values except the lowest 'E g ' value observed in lithium glass. 
Energy le6els
The absorption spectrum of Er 3 + doped lithium chlorophosphate glass is shown in Fig. 5 . The remaining spectra are not shown as they are of similar shape. From the recorded spectra of all the glasses it is noticed one important feature i.e. 
Spectral intensities
The spectral intensities for different absorption bands of Er 3 + doped chlorophosphate glasses are determined using Eqs. (6) and (7) given in the theoretical part. The experimental and calculated spectral intensities for all the transitions are presented in Table 4 for all the glasses. As there is some uncertainty in the measurement of the intensities of the bands 2 H 9/2 and 2 G 9/2 , these intensities are not included in the least square fit in calculating the Judd -Ofelt intensity parameters for all the glasses. The agreement between the experimental and calculated spectral intensities is good which shows the validity of the approximations made in Judd-Ofelt theory. From the table, it can be discerned that the intensities of the transitions are high in lead chlorophosphate glass which indicates that the non-symmetric component of the electric field acting on the Er 3 + ions is very strong in this glass. The best set of intensity parameters (d 2 , d 4 and d 6 ) is obtained from the experimental oscillator strengths and the doubly reduced matrix elements using the expression Eq. (8) and using least-square analysis. The Judd -Ofelt intensity parameters in all the chlorophosphate glasses along with the parameters in various glass matrices are presented in Table  5 . The position and intensity of certain electric dipole transitions of rare earth ions are found to be very sensitive to the environment of the rare earth ion. Such transitions are called hypersensitive transitions. These transitions will obey certain selection rules. The intensities of these hypersensitive transitions i.e. 4 I 9/2 2 H 11/2 and 4 I 9/2 4 G 11/2 of Er 3 + ion are also included in the above table. It is observed that the intensities of the hypersensitive transitions decrease with the decrease of d 2 parameter which is in accordance with the theory [33] . It indicates that there is a strong interaction between 4f and 5d orbitals. Jorgensen and Reisfeld [34] noted that the d 2 parameter is indicative of the amount of covalent bonding while the d 6 parameter is related to rigidity of the host. The d 2 parameter is larger in lead chlorophosphate glass and smaller in sodium chlorophosphate glass which shows low ionicity (high covalency) and high ionicity (low covalency) between erbium cation and chloride anion in these glasses correspondingly. It is also observed that except for sodium chlorophosphate glass, d 2 parameter is increasing with the increase of average molecular weight of the glass which indicates that the amount of covalency is increasing with the substitution of lithium, potassium, calcium and lead in these glasses.
It is also seen that d 4 parameter decreases and d 6 parameter increases with the increase of average molecular weight of the glass for only alkali elements (Li, Na and and K). By comparing these parameters with various glass matrices, it is observed that d 2 parameter is smaller in sodium chlorophosphate glass than in different chloroborate [22] , fluorophosphate [16] and aluminium phosphate [23] glasses. Hence there is a strong ionic nature of the metal ligand bond in sodium chlorophosphate glasses and low asymmetry of the local environment. Nageno et al. [35] shown that d 4 and d 6 parameters of silicate and borate glasses (but not of phosphate glasses) increase with increasing of ion packing ratios (V P ) of the glass host. In the present work also we have not observed any relation between ion packing ratios and intensity parameters.
Radiati6e lifetimes and branching ratios
Using the expressions given in theoretical part, electric dipole line strengths (S ed ), radiative transition probabilities (A), branching ratios (i) and integrated cross sections ( ) for stimulated emission for certain excited states Table 6 for lithium chlorophosphate glass. The calculated branching ratios (i) of certain transitions of Er 3 + ion in lithium chlorophosphate glass are compared with zinc chloride [15] and zinc borate glasses [36] in the same table. Takebe et al. [23] observed the relationship between spontaneous emission probabilities and the ion packing ratios for Er 3 + doped oxide glasses. According to that, emission probabilities increase with increasing ion packing ratios only in silicate and oxide glasses but not in phosphate glasses. In the present work, we also have not observed any relation between ion packing ratios and emission probabilities. Estimated radiative lifetimes (~R) for all the above excited states are portrayed in Table 7 I 15/2 transitions, the branching ratios are more or less the same for the above three glasses. Some of the potential lasing transitions are identified from the magnitudes of their branching ratios and are depicted in Fig. 6 . From the above studies, it is concluded that lithium and potassium chlorophosphate glasses doped with Er 3 + ion are useful for laser excitation.
Conclusions
Though the optical band gaps (E opt ) are not particularly sensitive to diferent types of chlorides in the glass compostion, the optical band gaps decrease with the increase of average molecular weight of the glass for only alkali elements (Li, NA and K) for both direct and indirect transitions. The largest optical band gaps have been recorded in the case of sodium and calcium glasses for direct and indirect transitions, respectively. With regard to the physical properities, the ion packing ratio decreases with the decrease of ionic radius in the order Ca \ K \Li \Pb \ Na. Among all the glasses studied, sodium chlorophosphate glass shows peculiar physical properties.
The cut off region starts from 400 nm only in sodium chlorophosphate glass among all the Er 3 + doped glasses. The spectral intensities of the transitions of Er 3 + are very high in lead chlorophosphate glass among all the glasses studied. The intensities of the hypersensitive transitions decreased with the decrease of V 2 parameter which is in accordance with the theory. V 4 parameter decreased and V 6 parameter increased with the increase of average molecular weight of the glass only for alkali elements (Li, Na and K). There has not been any relation observed between ion packing ratios and emission probabilities. The estimated radiative lifetimes are more or less similar for certain excited states of Er 3 + in different chlorophosphate glasses. From the branching ratios and integrated absorption cross sections, it can be concluded that the transitions 4 
